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P B E L ~ ~ I N A R P  E V A L U A T I O N  OF 
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F I B E R  COHPOSITE REINFORCEBENT 
------------I_- 
OF TRUCK FRBHE RAILS 
-------_I- 
James 1. Faddoul  
--- 
ABSTRACT 
Bn experimental program was conducted to determine if a 
graphite fiber/resin matrix c o m p o s i t e  could b e  u s e d  to 
effectively reinforce a s t a n d a r d  steel truck frame r a i l .  A 
p r e l i m i n a r y  d e s i g n  was made and i t  was d e t e r m i n e d  t h a t  the 
r e i n f o r c e m e n t  w e i g h t  c o u l d  be  reduced by a  factor of 10 wben 
compared f o  a  steel reinforcement. A section of a 1/3 scale 
reinforced r a i l  ras f a b r i c a t e d  to d e n o n s i r a t e  low cost  
m a n u f a c t u r i n g  techniques, T h e  scale rail s e c t i o n  was then 
tested and increased s t i f f n e s s  was confirmed, No e v i d e n c e  
of c o ~ p o s i t e  fat igue  was  f o u n d  after 500,000 cycles to a 
f i b e r  stress o f  34,C!00 p s i ,  The test  s p e c i m e n  f a i l e d  i n  
b e n d i n g  i n  a s t a t i c  test a t  a l o a d  50% greater than t h a t  
p r e d i c t e d  f o r  a  non-retaforced rail, 
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R e c e n t l y ,  e m p h a s i s  h n s  b e e n  p l a c e d  o n  t h e  c o s t  
e f f e c t i v e  a p p l i c a t i o c  o f  new m a t e r i a l s  t o  r e d u c e  t h e  w e i g h t  
o f  a l l  v e h i c l e s  - b o t h  i n  t h e  a i r  a n d  o n  t h e  g r o u n d .  
R e d u c i n g  t h e  w e i g h t  of v e h i c l e s  r e s u l t s  i n  b e t t e r  f u e l  
e c o n o m y .  T h u s ,  i n  many i n s t a n c e s ,  more c o s t l y  m a t e r i a l s  may 
b e  s u L s t i t u t e d  f o r  c o n v e n t i o n a l  ma te r i a l s  b e c a u s e  t h e  
i n i t i a l  h i g h e r  c o s t  w i l l  b e  m o r e  t h a n  o f f s e t  by d e c r e a s e d  
f u e l  c o s t  r e s u l t i n g  f r o m  t h e  r e d u c e d  w e i g h t .  As a  c l a s s ,  
f i b e r - r e i n f  o r c e d  C O T  p o s i t e  ma te r i a l s  o f f e r  t h e  g r e a t e s t  
p o t e n t i a l  f o r  r e d u c i n g  v e h i c l e  w e i g h t .  H o w e v e r ,  t h e  c o s t  o f  
c o m p o s i t e s ,  e s p e c i a l l y  t h e  h i g h e r  m o d u l u s  t y p e s  ( g r a p h i t e  
a n d  b o r o n  r e i n f o r c e d )  i s  r e l a t i v e l y  h i g h  a n d  t h e i r  e f f e c t - i v e  
a p p l i c a t i o n  c a n  o n l y  b e  a c h i e v e d  by u s i n g  t h e i r  u n i q u e  
p r o p e r t i e s  o f  h i g h  s t r e n g t h  a n d / o r  s t i f f n e s s  t o  t h e  g r e a t e s t  
a d v a n t a g e ,  
T h e  s u b j e c t  o f  t h i s  r e p o r t ,  a g r a p h i t e / e p o x y  r e i n f o r c e d  
t r u c k  f r a m e  r a i l ,  i s  t y p i c n l  o f  a n  a p p l i c a t i o n  t h a t  m a k e s  
maximum u s e  o f  t h e  u n i q u e  p r o p e r t i e s  o f  a n  a d v a n c e d  
c o m p o s i t e .  S i n c e  t h e  m a j o r  p u r p o s e  o f  r e i n f o r c i n g  a  f r a m e  
r a i l  i s  t o  i n c r e a s e  s t i f f n e s s  a n d  p r o v i d e  f o r  g r e a t e r  g r o s s  
v e h i c l e  w e i g h t  (GVW) c a p a c i t . ~ ,  a c o m p o s i t e  r e i n f o r c e d  r a i l  
was d e s i g n e d  t o  p l a c e  h i g h  s t i f f n e s s  g r a p h i t e  i n  t .he  a r e a s  
w h e r e  i t  c o u l d  b e  u s e d  e f f i c i e n t l y  a n d  i n  a c o s t - e f f e c t i v e  
m a n n e r .  T h i s  d e s i g n  r e s u l t e d  i n  a  10  t o  1 r e d u c t i o n  i n  t h e  
r e i n f o r c e m e n t  w e i g h t .  T h e  w o r k  r e p o r t e d  h e r e i n  a l s o  
d e m o n s t r a t e d  a l o w - c o s t  m a n u f a c t u r i n g  p r o c e s s .  
T o  d e m c n s t r a t e  t h e  c a p a b i l i t y  o f  t h e  c o m p o s i t e  
r e i n f o r c e d  a  1 3  s c a l e  s p e c i m e n s  were f a b r i c a t e d  a n d  
t e s t e d .  Due t o  f i x t u r i n g  p r o b l e m s ,  q u a n t i t a t i v e  s e c t i o n  
m o d u l u s  d a t a  were n o t  o b t a i n e d  b u t  a c y c l i c  t e s t  d i d  a c h i e v e  
o v e r  5 0 0 , 0 0 0  c y c l e s  w i t h o u t  e v i d e n c e  o f  c o m p o s i t e  
d e g r a d a t i o n .  T h e  c y c l e d  s p e c i m e n  w a s  t h e n  f a i l e d  i n  b e n d i n g  
i n  a  s t a t i c  t e s t  a t  a l o a d  50% g r e a t e r  t h a n  t h a t  c a l c u l a t e d  
f o r  a n  u n r e i n f o r c e d  r a i l  s e c t i o n .  
W h i l e  t h e  r e s u l t s  o f  t h i s  p r o g r a m  d i d  s u b s t a n t i a t e  t h e  
p o t e n t i a l  a d v a n t a g e s  o f  g r a p h i t e  c o m p o s i t e  r e i n f o r c e m e n t  o f  
a t r u c k  trame r a i l ,  t h e r e  a r e  a n u m b e r  o f  f a c t o r s  w h i c h  h a v e  
y e t  t o  b e  e v a l u a t e d .  R e c o a m e n d a t i o n s  a r e  t h e r e f o r e  made t o  
i n v e s t i g a t e  e n v i r o n m e n t a l  e f f e c t s ,  u l t i m a t e  l o a d  c a p a b i l i t y ,  
e f f e c t i v e n e s s  o f  t h e  c o m p o s i t e  a s  a f u n c t i o n  of r a i l  y i e l d  
s t r e n g t h ,  a n d  h i g h  s t ress  ( o r  s t r a i n )  a r e a s  c r e a t . e d  b y  t h e  
a p p l i c a t i o n  cf t h e  c o m p o s i t e .  
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D u r i n g  t h e  l a s t  s e v e r a l .  y e a r s ,  s t r u c t u r a l  c o m p o s i t e  
mater ia ls  h a v e  r e c e i v e d  i n c r e a s i n g  e m p h a s i s  i n  g o v e r n m e n t  
a n d  i n d u s t r y  a e r o n a u t i c s  t e c h n o l o g y  d e v e l o p m e n t  p r o g r a m s ,  
T h e  o b j e c t i v e  h a s  b e e n  t o  p r o v i d e  commercial a n d  m i l i t a r y  
a i r c r a f t  w i t h  g r e a t e r  p e r f o r m a n c e  c a p a b i l i t i e s  a n d  
s i m u l t a n e o u s l y  t c  i n c r e a s e  t h e  e f f i c i e n c y  o r  r e d u c e  t h e  f u e l  
c o n s u m ~ t i c n  of  t h e  a i r c r a f t  f lee t .  L e a d e r s h i p  i n  a i r c r a f t  
t e c h n o l o q y ,  a f a v o r a b l e  b a l a n c e  of  t r a d e ,  m a i n t e n a n c e  of a 
c o n t i n u a l l y  i m p r o v i n g  t e c h n i c a l  c a p a b i l i t y  f o r  a s S r o n g  
n a t i o n a l  d e f e n s e ,  a n d ,  m o r e  r e c e n t l y ,  a n e e d  t o  r e d u c e  
c o n s u m p t i o n  o f  p e t r o l e u m  p r o d u c t s  h a v e  b e e n  t h e  s t i ~ u l i  f o r  
a n u m b e r  of a i r c r a f t  c o m p o s i t e  p r o g r a m s .  Ya te r i a l s  
t e c h n o l o g y  d e v e l o p m e n t  f o r  a e r o s p a c e  a p p l i c a t i o n s  h a s ,  
h o w e v e r ,  been s o m e w h a t  s e l f - l i m i t i n g  i n  that i m p r o v e d  
p e r f o r m a n c e  g e n e r a l l y  h a s  m e a n t  e x o t i c  a n d  e x p e n s i v e  
ma te r i a l s  i n  a l i m i t e d  u s e  m a r k e t .  C o n s e q u e n t l y ,  t h e  
b e n e f i t / c o s t  r a t i o  of t h e  t e c h n o l o g y  h a s  b e e n  m a r g i n a l  
b e c a u s e  t h e  m a t e r i a l s  c o s t s  d c  n o t  r e f l ec t  the a d v a n t a g e s  
t h a t  c o m e  f r o m  h i q h  v o l u m e  p r o d u c t i o n .  T h e  m o s t  d i r e c t  way 
t o  i m p r o v e  t h i s  s i t u a t i o n  w o u l d  h e  t o  f i n d  h i g h  v o l u m e  
i n d u s t r i a l  a p p l i c a t i o n s  w h i c h  w i l l  d r i v e  ma te r i a l  p r o d u c t i o n  
l e v e l s  up  s u b s t a n t i a l l y  w i t h  r e s u l t a n t  r e 4 u c e d  p e r - u n i t  
c o s t s ,  T h i s  i s ,  ~ O W ~ V P U ,  a d i f f i c u l t  t a s k  s i n c e  t h e  c h i e f  
a t t r i b u t e s  of c o m p o s i t e  mater ia ls  -- h i g h  s t i f f n e s s  a n d  
s t r e n g t h  p e r  u n i t  w e i g h t  -- may n o t  b e  cos t  e f f e c t i v e  i n  
many i n d u s t r i a l  a p p l i c a t i o n s  w h e r e  w e i g h t  i s  n o t  c r i t i c a l .  
R e c e n t  s t u d i e s  h a v e  t h u s  c o n c e n t r a t e d  o n  c o m m c r c i a i  
a p p l i c a t i o n  o f  a d v a n c e d  c o m p o s i t e s  f o r  s y s t e m s  w h i c h  
i n c o r p o r a t e  m o v i n g  p a r t s  s u c h  a s  h i g h  s p e e d  r o l l e r s  w h e r e  
r e d u c e d  mass can medn i n c r e a s e d  m a c h i n e  s p e e d s  a n d  
p r o d u c t i v i t y  a s  wel l  a s  o n  m o t o r  v e h i c l e s  w h e r e  r e d u c e d  
w e i g h t  c a n  m e a n  i n c r e a s e d  p a y l o a d  a n d  d e c r e a s e d  f u e l  
c o n s u m p t i o n .  T h e  p r o d u c t i v i t y  b e n e f i t s  c a n  t h e n  b e  a d d e d  t o  
other c o m p o s i t e  ma te r i a l s  b e n e f i t s  s u c h  a s  l o v e r  c o s t  
f a b r i c a t i o n  of c o m p l e x  s h a p e s  a n d  p a r t  c o n s o l i d a t i o n ,  and  
r e d u c e d  m a c h i n i n g ,  a l l  w i t h  t h e  aim o f  b a l a n c i n g  t h e  h i g h e r  
i n i t i a l  ma te r i a l  c o s t .  
Of p r i m a r y  i n t e r e s t  a t  t h i s  time i s  t h e  a p p l i c a t i o n  of 
s t r u c t u r a l  c o m p o s i t e s  i n  motor v e h i c l e s  (cars, b u s s e s ,  a n d  
t r u c k s ) .  B e c a u s e  of t h e  l a r g e  v o l u m e  of m o t o r  v e h i c l e s  
p r o d u c e d  e a c h  y e a r ,  a r e l l t i v e l y  s m a l l  c o m p o n e n t  o n  e a c h  
v e h i c l e  c o u l d  mean a h i g h  d c m a n 3  f o r  a d v a n c e d  f i b e r  
r e i n f o r c i n g  material .  F o r  e x a m p l e ,  t o t a l  a e r o s p a c e  a n d  
s p o r t i n g  g o o d s  c o n s u m p t i o n  o f  g r a p h i t e  f i b e r s  is n o t  
e x p e c t e d  t o  e x c e e d  t w o  m i l l i o n  p o u n d s  p e r  y e a r  a n d  t h e  
c o r r e s p o n d i n g  m a r k e t  p r i c e  w o u l d  b e  P3G t o  $35 p e r  pound. A 
s i n g l e  p o u n d  o f  g r a p h i t 2  i n  a n  i n d i v i d u a l  a u t o m o t i v e  
a p p l i c a t i o n  c o u l d ,  h o w e v e r ,  r e s u l t  I n  a m a r k e t  d e m a n d  f o r  
t e n  m i l l i o n  a d d i t i o n a l  p o u n d s  p e r  y e a r ,  T h e  r e s u l t i n g  
ma te r i a l  p r i c e  w o u l d  t h e n  b e  i n  t h e  55 t o  $10 p e r  p o u n d  
r a n g e .  
C o n c e  g u e n  t l y ,  a n u m b e r  o f  a u t o m o t i v e  c o m p o n e n t s  were 
s c r e e n e d  t o  e v d l u a t e  t h e i r  p o t e n t i a l  f o r  c o s t  e f f e c t i v e  
s t r u c t u r a l  c o r , p o s i t e  d e s i g n .  Some of t h e  f a c t o r s  c o n s i d e r e d  
were ( 1 )  p o t e n t i a l  f o r  c o s t  e f f e c t i v e  u s e  o f  s t r u c t u r a l  
c o m p o s i t e  % a t e r i a l ;  ( 2 )  h i g h  p r o b a b i l i t y  f o r  ~ f f e c t i v ~  u s e  
o f  a d v d n c e d  fibers ( s p e c i f i c a l l y  g r a p h i t e )  ; (3 )  p o t e n t i a l  
f o r  n e a r  term e n t r y  i n t o  a u t o m o b i l e s  o r  t r u c k s ;  ( 4 )  
a d a p t a b i l i t y  t o  low c o s t  m a n u f a c t u r i n g  p r o c e s s e s  ; a n d  ( 5 )  
s i g n i f i c a n c e  of  c o m p o n e n t  t o  c o n s u m p t i o n  o f  c o m p o s i t ~  
p a t e r l a l s .  O n e  c o m p o n e n t  t h a t  r a t e 3  r e a s ~ n a b l y  h i g h  i n  a 1 1  
t h e s p  c d t ~ g o r i e s  yas a r ~ i n f o r c e d  t r u c k  f rame r a i l  a n d  t h e  
r e s u l t s  of a p r e l i m i n a r y  t e s t  a n d  e v a l u a t i o n  p r o g r a m  
c o n d u c t . e d  o n  a g r a p h i t e  f i b e r  r e i n f o r c e d  r a i l  s ec t  i o n  a r e  
r e p o r t e d  h e r e i r ~ .  T h e  i n t e n t  was t o  p r o v i d e  a p r e l i m i n a r y  
v e r i f i c a t i o n  t h a t  l o w  c o s t  f a b r i c a t i o n  m e t h o d s  c o u l d  b e  u s e d  
t o  a p p l y  a h l j h  m o d u l u s  g r a n h i t e  composi te  t o  t h e  u p p e r  a n d  
l o w e r  f l a n g e s  n f  a s t e e l  c h a n n e l .  A c c o r d i n q l y ,  v a r i o u s  
r e l n f o r c t d  d n d  n o n - r e i n f o r c e d  s e c t i o n s  iwre t e s t e d  f o r  
stiffness i n  b e n d i n g ,  f o r  f a t i g u e ,  a c d  f o r  u l t i m a t e  l o a d  
c a p a c i t y .  S e c t r o n  s i z ~ s  t e s t e d  were a p p r o x i m a t e l y  1/3 s c a l e  
b u t  s t r e s s  l e v e l s  were m a i n t a i n e d  e q u i v a l e n t  t o  t h o s e  
e x p e c t e d  i n  f u l l  s c a l e  h a r d w a r e .  
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W h i l e  i t  would  b e  p o s s i b l e  t o  d e s i q n  a n  a l l - c o m p o s i t e  
r a i l  f o r  a t r u c k  frame, t h e  e c o n o m i c s ,  i n c l u d i n g  s c h e d u l i n q  
a n d  s t o c k i n g ,  a t  t h i s  time i n d i c a t e  t h a t  a b e t t e r  c h o i c e  
wou ld  b e  t o  u s e  c o m p o s i t e s  o n l y  a s  a r e p l a c e m e n t  f o r  t h e  
t r a d i t i o n a l  s t e e l  r e i n f o r c i n g  s e c t i o n s .  A c c o r d i n g l y ,  a n  "Ln 
r e i n f o r c e d  s t e e l  c h a n n e l ,  shown i n  F i g u r e  1 ,  was s e l e c t e d  a s  
t h e  b a s e l i n e  m e t a l  d e s i g n  a n d  t h e  e q u i v a l e n t  composite 
r e i n f o r c e d  s e c t i o n  i s  s h o w n  i n  F i g u r e  2.  Thp g r a p - b i t e  
c o m p o s i t e  t h i c k n e s s  of 0 . 2  i n .  was d e t e r m i n e d  on  t h e  basis 
o f  a c h i e v i n g  a s e c t i o n  m o d u l u s  i n c r e a s e  e q u i v a l e n t  t o  t h a t  
p r o v i d e d  by t h e  steel I iLw r e i n f o r c e m e n t .  
To c a l c u l a t e  t h e  s e c t i o n  m o d u l u s  of t h e  r e i n f o r c e d  
s e c t i o n ,  t h e  t . w o c o m p o n e n t s  were b r o k e n  i n t o  s e v e n  (7) 
e l e m e n t s  a s  shown  i n  F i q u r e  3 .  The a r e a  moment o f  i n ~ r t i 3  
o f  e a c h  e l e m e n t  a b o u t  t h e  n e u t r a l  a x i s  was t h e n  c a l c u l a t e 3 .  
T h e  r e s u l t i n g  moments  o f  i n e r t i a  wpre 4 4 . 9 1  i n a 4 a n d  55 .57  
i n e 4 f o r  t h e  ')Cg3 s e c t i o n  a n d  t h o  r ~ i n f o r c e d  fTCt*  s e c c i o r i  
r e s p e c t i v e l y .  A c c o r d i n g l y ,  t h e  c o m p o s i t e .  r e i n f o r c e m e n t  wa.; 
d e s i g n e d  t o  p r o v i d e  a 53% ( - 2 2  i n c r e a s e  t o  the h a s i c  
#$Cq3 s e c t i o n  moment of i n e r t i a .  The c o n t r i b u t i o n  o f  the 
c o m p o s i t e  r e s i n  s y s t e m  ( m a t r i x )  t o  the o v e r a l l  moment of 
i n e r t i a  was n e g l e c t e d  b e c a u s e  o f  t h e  low Y o u n g ' s  m o d u l u s  a n d  
l o a d  c a r r y i n g  c a p a b i l i t y  o f  m a t r i x  m a t e r i a l s .  
S i n c e  the g r a p h i t e  f i b e r s  c a n  b e  s u p p l i e d  i n  a w i d e  
r a n g e  o f  stif f n e s s e s ,  t h e  r e q u i r e d  t h i c k n e s s  o f  t h ~  
c o m p o s i t e  was c a l c u l a t e d  a s  a f u n c t i o n  of  f i b e r  modulus. a 
p l o t  o f  t h i s  s t r a i q h t  l i n e  r e l a t i o n s h i p  may b e  s e e n  i n  
F i q u r e  4 .  T h e  d e n s i t y  o f  t h e  g r a p h i t e  f i b e r s  is u n a f f e c t e d  
bp m o d u l u s .  T h u s ,  t h e  l i g h t e s t  w e i g h t  r e i n f o r c e m e n t  f o r  a 
g i v e n  s t i f f n e s s  i n c r e a s e  w o u l d  u s e  t h e  h i g h e s t  m o d u l u s  
( l e a s t  t h i c k n e s s )  g r a p h i t e  f i b e r s .  P i a t e r i a l  cost w o u l d ,  
h o w e v e r ,  d i c t a t e  t h e  material s e l e c t e d  since f F b e r  price 
increases w i t h  modu lus .  F o r  t h i s  d e s i q n  e f f o r t ,  a m o d u l u s  
o f  5'3 x 706  p s i  was  s e l e c t e d  s i n c e  i t  r e p r e s e n t s  b o t h  a 
r e a d i l y  a v a i l a b l e  f i b e r  f o r m  a n d  a  minimum c o s t  premium.  
T a b l e  I l ists a l l  t h e  s i g n i f i c a n t  d e s i g n  p a r a m e t e r s  f o r  
t h e  u n r e i n f  o r c e d ,  s t e e l  r e i n f o r c e d ,  a n d  c o m p o s i t e  r e i n f o r c e 4  
r3C+3 s e c t i o n .  A s  c a n  b e  s e e n  f r o m  T a b l e  I ,  t h e  r e s u l t  o f  
t h i s  d e s i g n  e f f o r t  was a c o m p o s i t e  r e i n f o r c e m e n t  w h i c h  
w e i g h e d  o n l y  0 .720 I b / f t  a s  c o m p a r ~ d  t o  t h e  b a s e l i n e  s t e e l  
r e i n f o r c e m e n t  w h i c h  weighed 9 .38  I b / f t .  T h i s  i s  m o r e  t h a n  a 
9 C X  r e d u c t i o n  i n  r e i n f o r c e m e n t  w e i q h t  wh ich  r e s u l t s  i n  a 35% 
r e d u c t i o n  i n  r e i n f o r c e d  s e c t i o n  w e i g h t .  
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TEST S P E C T F F N  D E S I G N  A N D  F A B R I C A T I O N  
5 p ~ c i m e n  D e s i g n  
A n o n i n a l  1 / 3  s c a l e  r a i l  w a s  s ~ l ~ c t e d  a s  a t e s t  
s p e c i n e n  i n  o r d e r  t o  r e d u c e  t h e  a m o u n t  o f  g r a p h i t e  f i h c r  a n d  
t h e  s i z e  o f  t h e  t e s t  a p p a r d t u s  r e q u i r e d .  T h e  1 / 3  s c a l e  i s  
i d e a l  i n  t h a t  i t  h a s  " C I V  d i n e n s i o n s  t h a t  a r c  e a s i l y  h a n d l a d ,  
p r o v i d @ s  a r e a l i s t i c  c o ? l p o s i t e  w i d t h  a n d  t h i c k n ~ l s s ,  a n d  c a n  
h e  t e s t e d  i n  m a c h i n e s  w i t h  a 2 - 1 , C C f i  p o u n d  c ' i p a c i t y .  
T h c  n o m i n a l  d i m e n s i o n s  of t h e  c h a n n e l  were 2 "  X 1"  a n d  
the f i n a l  d i v o n s i o n s  were a c c u r a t ~ l y  m+?asurcd after 
f a b r i c a t i o n .  T h r  a r e 3  m o m e n t  o f  i n ~ r t i a  was c a l c 1 1 l a t r 6  f r o m  
t h e s ~  measurements a n 3  g r 3 p h i t e  r e i n f o r c + d  c o m p o s i t ~  c a p s  
w e r ~  d ~ s i q n e d  t o  p r o v i l e  a  7 5 %  i n c r e a s ~  i n  s e c t i o n  n ~ o d u l u s .  
T h i s  v a l u e  was s c - l e c t e ?  s i n c c  i t  w o u l d  ho r e p r e s c n t a t i v ~  o f  
b o t h  a n  " L V 1  r e i n f o r c ~ m e i t t  a n d  o f  a f u l l  "C1' r e i r l f o r c ~ m c n t .  
S p e c i m e n  d e s i q n  w d s  ba:;cirl o n  t h e  n s f  of a h i g h  m o d u l t l s  (qn  X 
l p 6  p s i )  g r a p h i t e .  F i n a l  d i r n ~ n s i o n s ,  m o m c n t r  o r  i n e r t i a  a n d  
s e c t i o n  m o d u l l  a r e  l i s t ~ d  i n  T a b l e  11. 
O n e  o r  t h o  objectives o f  t h i s  p r o q r d m  was t 3  
d e m o n s t r a t ?  t h a t  t h e  c o m p o s i t e  c o u l l  b e  a p p l i ~ d  + o  t h ~  
c h a n n e l  w i t h  r n a s o n d b l e  d i m p n s i o n a l  c o n t r o l  u s i n q  m i n i m ~ r w  
c o s t  t o o l i n g  a n d  m a t e r i a l  p r o c e s s i n q  p r o c e d u r e s .  T E u s ,  + h a  
f a b r i c a t i o n  t e c h n i q u e  s e l e c t e d  was o n e  w h i c h  w o u l d  u s e  t h a  
t h e r m a l  e x p a n s i o n  of r u b b e r  i n  a n  inexpensive m o l d  t o  p e r m i t  
p r e s s u r e  c o n s o l i d a t  i o n  of t h e  c o m p o s i t ~ .  I n  a c i d i  t i o n ,  3 
p r o c e s s  w h i c h  lwould c u r s  t h ~  c o m p o s i t e  s y s t e m  a n d  a t  t h ~  
same t i n e  f o r m  t h e  necessary h o l e s  a n d  p e n e t r a t i o n s  was 
e s t a b l i s h e d .  T h e  f o l l o w i n a  d 9 s c r i b e s  t h e  m a t e r i a l s  a n d  
f a b r i c a t i o n  p r o c e d u r e s  t h a t  wpre u s e d  t o  a p p l y  t h e  q r a p h i t ~  
p r e p r e g  t o  hot11 f l d n q e s  o f  t h a  c h a n n e l .  
Mater ia l s .  - M o d o r a  t e - to - low t e m p e r a t u r e  c u r i n g  F a t e r i a l s  
--------- 
were d e s i r e d  i n  o r d e r  t o  m i n i m i z +  t h e  a m o u n t  o f  h e a t i n q  t h a t  
w o u l d  b e  r e q u i r e d  t o  f a b r i c a t 0  t h e  r e i n f o r c e d  s e c t i o n .  I n  
a d d i t i o n ,  i t  was c f t l s i r a b l ?  t o  u s e  a p r c p r e q  m a t ~ r i a l  t o  
r e d u c e  t h e  l e v e l  o f  m a n p o w e r  a n d  e q u i p m e n t  n e c e s s a r y  f o r  
f a b r i c a t i o n .  And, t o  i n s u r e  a q o o d  b o n d  b e t w e e n  t h o  
c o n ~ p o s i t e  a n d  th;. s t e* l ,  a n  i n t e r m e d i a t e  a i l h c s i v ~  w i t h  a n  
o p e n  w e a v e  c l o t h  ( s c r i m )  c a r r i e r  t o  c o n t r o l  b o n d  l i n e  
t h i c k n e s s  was n e c e s s a r y ,  T h p  f i n a l  r e y u i r ~ m e n t  was t h a t  a l l  
ma t ~ r i a l s  m u s t  h p  r e a d i l y  a v a i l a b l e  s i n c e  d e v e l o p r n ~ n t  o r  
s p e c i a l  o r d e r s  of m a t c ? r i a l s  w o u l d  b e  b o t h  t o o  c o s t l y  a n d  t o o  
time c o n s u m i n q .  T ~ P  p r e p r e g  s y s t c m  most c l o s e l y  
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a p p r o x i m a t . i n g  t h e  r e q u i r e m e n t s  was t h e  H e r c u l e s  1904/HES 
p r e F r e g  a n d  i t  was s e l e c t e d  f o r  t h e  b a s i c  c o m p o s i t e .  T h e  
3904/BHS i s  a s i n g l e  l a y e r  o f  c o l l i m a t e d  h i g h  m o d u l u s  (5Cl X 
1 0  p s i )  f i b e r s  i n  a p r e p r e g g e d  e p o x y  r e s i n  t h a t  c u r e s  i n  1 
1 /2  h o u r s  a t  250 F, T h e  f i b e r  u l t i m a t e  s t r e n g t h  i s  i n  
e x c e s s  o f  2 0 0 , 0 0 0  p s i .  
I t  s h o u l d  b e  n o t e d  t h a t  t h e  r e q u i r e d  c u r e  time f o r  t h i s  
s p e c i f i c  p r e p r e g  s y s t e m  i s  t o o  g r e a t  f o r  a p r o d u c t i o n  
a p p l i c a t i o n  b u t  t h e  c o m p o s i t e  s y s t e m  met a l l  of t h e  o t h e r  
ma te r i a l  s e l e c t i o n  c r i ter ia ,  It  is  e x p e c t e d  t h a t  for a 
p r o d u c t i c n  c o m p o n e n t ,  a r e s i n  w o u l d  b e  s e l e c t e d  a n d  c o m b i n e d  
w i t h  t h e  a p p r o p r i a t e  g r a p h i t e  f i b e r  t o  p r o v i d e  a p r e p r e g  
s y s t e m  u n i q u e l y  t a i l o r e d  f o r  t h e  a p p l i c a t i o n .  A n u m b e r  o f  
s u c h  r e s i n s  a r e  a v a i l a b l e  b u t  c o u l d  n o t  b e  u s e d  i n  t h i s  
p r o g r a m  s i n c e  t h e y  a re  n o t  now i n c o r p o r a t e d  i n  o f f - t h e - s h e l f  
g r a p h i t e  p r e p r e g s .  It i s  a n t i c i p a t e d  t h a t  t h i s  w o u l d  n o t  
r e p r e s e n t  a  s i g n i f i c a n t  p r o b l e m ,  
The a d h e s i v e  s e l e c t e d  was t h e  B l o o m i n g d a l e  FM 53  
m o d i f i e d  e p o x y  w h i c h  was c o m p a t i b l e  w i t h  b o t h  t h e  r e s i n  
s y s t e m  a n d  c u r e  o f  t h e  1904/HYS. F B  53 is s u p p l i e d  w i t h  a 
l i g h t w e i g h t  n y l o n  scrim. To f u r t h e r  s i m p l i f y  t h e  
f a b r i c a t i o n  p r o c e s s ,  n o  p r i m e r  w a s  u s e d .  T h e  c h a n n e l  
s e c t i o n  was f a b r i c a t e d  from m i l d  s teel  h a v i n q  a y i e l d  
s t r e n g t h  o f  a b o u t  3 4 , 0 0 3  p s i .  
P r o c e s s ,  - S p e c i m e n  f a b r i c a t i o n  a s  d e s c r t b e d  h e r e i n  i n c l u d e s  
---- 
d e t a i l s  o f  b o t h  t h e  m o l d  d e s i g n  w h i c h  c o n t r o l s  t h e  
f a b r i c a t i o n  p r o c e s s  a n d  t h e  l a y u p  a n d  c u r e  p r o c e d u r e s .  
a )  Wold D e s i q n  - A s c h e m a t i c  of t h e  mold  u s e d  f o r  
l a m i n a t i n g  t h e  c o m p o s i t e  t o  t h e  f l a n g e s  o f  t h e  c h a n n e l  
c a n  b e  s e e n  i n  F i g u r e  5 .  T h e  b a s i c  m o l d i n g  p r o c e s s  
i n v o l v e d  e n c a s i n g  t h e  p r e p r e g  w i t h i n  s i l i c o n e  r u b b e r  
f a c e d  s t e e l  p l a t e s  s o  t h a t  d i f f e r e n t i a l  t h e r m a l  
e x p a n s i o n  d u r i n g  c u r e  w o u l d  p r o v i d e  e n o u g h  p r e s s u r e  t o  
c o n s o l i d a t e  t h e  c o m p o s i t e  a s  t h e  r e s i n  was warmed t o  
t h e  t e m p e r a t u r e  a t  w h i c h  i t  w o u l d  f l o w ,  A t  t h e  same 
time, p i n s  d r i v e n  t h r o u g h  t h e  p r e p r e g  l a y u p  p r i o r  t o  
c u r e ,  p r o v i d e d  f o r  a n y  n e c e s s a r y  b o l t e d  a t  t a c h m e n t s ,  
p a s s  t h r o u g h s ,  o r  o t h e r  p e n e t r a t i o n s  w i t h o u t  t h e  n e e d  
t o  d r i l l  o r  m a c h i n e  t h e  c o m p o s i t e  s u b s e , j u e n t  t o  c u r e .  
I n  t h i s  way, n o  f i b e r s  were c u t  a t  t h e  p e n e t r a t i o n s  
w h i c h  c o u l d  p r o d u c e  i n h e r e n t  w e a k n e s s ,  A c c o r d i n g l y ,  
f o u r  1/8 i n ,  d i a m e t e r  a n d  t w o  1 /4  i n ,  d i a m e t e r  h o l e s  
were m o l d e d  i n t o  e a c h  f l a n g e .  T h e s e  h o l e  s i z e s  were 
p r o p o r t i o n a l  t o  t h o s e  f o u n a  i n  f u l l  s i z e  r a i l  s e c t i o n s .  
B e c a u s e  m a t e r i a l  i n  t h e  p r e p r e g  was d i s p l a c e d  i n  t h e  
a rea  o f  t h e  h o l e s ,  i t  was n e c e s s a r y  t o  u s e  a s tee l  c a u l  
p l a t e  on t o p  of  t h e  c o m p o s i t e  t o  restrict t h e  f i b e r s  
f r o m  p u s h i n g  u p  a n d  c r e a t i n g  a n  i r r e g u l a r  s u r f a c e  i n  
t h e  area w h e r e  t h e  h o l e  f o r m i n q  p i n s  r e d u c e d  t h e  c r o s s  
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s e c t i o n .  O r d i n a r y  C - c l a m p s  were u s e d  t o  h o l d  t h e  m o l d  
t o g e t h e r  f o r  t h e  c u r e .  A " f i n g e r  t i g h t * "  c l a m p i n g  was 
r e q u i r e d  s i n c e  t h e  e x p a n s i o n  o f  t h e  s i l i c o n e  r u b b e r  
p r o v i d e d  t h e  a p p r o p r i a t e  p r e s s u r e  f o r  c o m p o s i t e  
c o n s o l i d a t i o n .  A r f r a w i n q  o f  t h e  m o l d i n g  e q u i p m e n t  t h a t  
m i q h t  b e  u s e d  f o r  f u l l  s i z e  m i l  r e i n t o r c e m e n t  c a n  b e  
s e e n  i n  F i g u r e  6 .  
b )  L a y u p  a n d  C u r e  P r o c e d u r e  - T h e  1904/9MS p r e p r e g  w a s  
s u p ~ l i ~ d  i l k  a  1 2  i n ,  w i d e  r o l l .  A c c o r d i n g l y ,  t h e  
m a t e r i a l  was s h e a r e d  t o  l e n g t h  a n d  t h e n  i n t o  0.8  i n .  
w i d e  s t r i p s .  T w e n t y  o n e  s t r i p s  were t h e n  s t a c k e d  a n d  
w r a p p e d  w i t h  a l a y e r  o f  g l a s s  f i b e r  c l o t h .  T h e  g l a s s  
c l o t h  was f c u n d  t o  b e  n e c p s s a r y  t o  p r e v e n t  s l i v ~ r i n g  o f  
t h e  m o l d e d  e d g e s  3nd p o s s i b l e  i n j u r y  t o  p e r s o n n e l  
d u r i n g  h a n d l i n g .  O n e  s t r i p  o f  FM 5 3  a d h e s i v e  was a l s o  
s h e a r e d  t o  s i z e  f o r  e a c h  f l a n q e .  H a v i n g  p r e p a r e d  t h e  
c o i n p o s i t e  p a c k ,  t h e  c h a n n e l  f l a n g e s  were wire b r u s h e d  
w i t h  3 r o t a r y  w h e ~ l  a n d  w i p e d  w i t h  m e t h y l  e t h y l  k e t o n e  
( M E K )  p r i o r  t o  k e i n g  p l a c e d  ir, t h e  m o l d .  A p p r o p r i a t e  
a p p l i c a t i o n  o f  a m o l d  r e lease  a g e n t  was m a d e  a n d  a l l  
p i e c e s  wcre t h e n  a s s e m b l e d  i n t o  t h e  n o l d  a s  s h o w n  i n  
F i g u r e  5 .  T h e  m o l d  p l a t e s  were c l a m p e d  t o g e t h e r  a n d  
t h e  r e s u l t i n g  p a c k a g e  was l o a d e d  i n t o  arl o v e n  p r e h e a t ~ d  
t o  25!I0F. A l t h o u g h  t h e  n o m i n a l  c u r e  time f o r  t h e  r e s i n  
i s  1 - 1 / 2  h o u r s  a t  2 5 0 °  F ,  t h e  p a r t s  werp a l l o w e d  t o  
r e m a i n  i n  t h e  o v e n  f o r  2 t o  2 - 1 / 2  h o u r s  t o  a s s u r e  a m p l e  
t . i m e - a t - t e m p e r a t u r e  f o r  t h e  h e a v i l y  e n c a s e d  c o m p o s i t e  
s y s t e m .  A f t e r  c u r e ,  t h e  p a r t s  were r e m o v e d  f r o m  t h e  
o v e n  a n d  a l l o w e d  t o  c o o l  t o  room t e m p e r a t u r e .  C - c l a m p s  
were t h e n  r e m o v e d  a n d  t h e  d i e  p l a t e s  a n d  h o l e  f o r m i n q  
p i n s  p u l l e d  a w a y .  T h e  a s - m o l d e d  t h i c k n e s s  of t h e  
c o m ~ o s i t e  a v e r a g e d  6 m i l s  p e r  p l y  w h i c h  i s  v e r y  c lose  
t o  w h a t  is a c h i e v a b l e  from t h e  most t i g h t l y  c o n t r o l l e d  
m o l d i n g  p r o c e s s e s .  T h e  f i n a l  m o l d e d  t o t a l  t h i c k n e s s  
was 0 . 1 3 5  i n .  w h i c h  i n c l u d e d  two l a y e r s  of g l a s s  c l o t h  
a n d  o n e  l a y e r  o f  n y l o n  scrim f r o m  t h e  FH 53 a d h e s i v e .  
T h u s ,  t h e  d e s i r e d  t h i c k n e s s  of g r a p h i t e  ( 0 , 1 2 2  i n . )  w a s  
e f f e c t i v e l y  a c h i e v e d .  T h e  d e s i r e d  c o m p o s i t e  w i d t h  was 
0.8C i n .  a n d  a m o l d e d  w i d t h  of 0 .813 i n .  was o b t a i n e d .  
T h i s  s i m p l e  m o l d i n g  t e c h n i q u e  t h u s  p r o v e d  t o  b e  h i g h l y  
e f f e c t i v e  i n  c o n s o l i d a t i n g  t h e  c o m p o s i t e  a n d  p r o d u c e d  
p a r t s  t h a t  were f r e e  o f  f l a s h  a n d  r e q u i r e d  n o  p o s t  c u r e  
c l e a n  u p  o p e r a t i o n s .  
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I n  o r d e r  t o  d e m o n s t r a t e  t h e  i n c r e a s e  i n  s e c t i o n  m o d u l u ~  
p r o v i d e d  b y  t h e  g r a p h i t e  c o m p o s i t e ,  b o t h  a r e i n f o r c e d  a n d  a 
n o n - r e i n f o r c e d  r a i l  s e c t i o n  were t e s t e d  f o r  s t a t i c  
d e f l e c t i o n .  I n  a d d i t i o n ,  a f a t i g u e  tes t  t o  d e m o n s t r a t e  t h e  
a b i l i t y  o f  t h e  c o m p o s i t e  t o  r e m a i n  b o n d e d  a n d  m a i n t a i n  
s t r u c t u r a l  i n t e g r i t y  w a s  c o n d u c t e d .  S u b s e q u e n t  t o  t h e  
f a t i g u e  tes t  a b e n d i n g  t e s t  was c o n d u c t e d  t o  f a i l u r e .  Test 
p r o c e d u r e s  a n d  r e s u l t s  a r e  d i s c u s s e d  i n  t h e  f o l l o w i n g  
s e c t i o n s .  
T e s t  S p e c i m e n  C o n f i g u r a t i o n  
T h e  a s s e m b l y  s h o w n  i n  F i g u r e  7 was u s e 3  t o  i l e t e r m i n e  
t h e  d e f l e c t  i o n  of t h e  r e i n f o r c e d  a n d  n o n - r e i n f  orced r a i l  
s e c t i o n  u n d e r  l o a d .  B y  b o l t i n g  two o f  t h e  s e c t i o n s  h a c k  +.o 
b a c k  a s  s h o v n ,  i t  was p o s s i b l e  t o  l o a d  t h e  t e s t  a s s e m b l y  i n  
t h r e e  p o i n t  b e n d i n g  w i t h  a 13 i n c h  s p a n  a n d  m e a s u r e  s y s t e m  
d e f l e c t i c n s  u n d e r  r e l a t i v e l y  l o w  l o a d s ,  H o w e v e r ,  when t h e  
r e i n f o r c e d  s y s t e m  was t e s t e d ,  i t  was f , o u n d  t h a t  t h e  l o a d s  
r e q u i r e d  t o  cause a p p r e c i a b l e  d e f l e c t i o n  were t o o  g r e a t  f o r  
a b o l t e d  s y s t e m  t o  m a i n t a i n .  C o n s e q u e n t l y ,  f o r  t h e  s t a t i c  
t e s t  o f  t h e  r e i n f o r c e d  c h a n n e l s  a n d  f o r  t h e  c y c l i c  test, t h e  
tes t  a s s e m b l y  h a d  t h e  c e n t e r  l o a d  p a d  w e l d e d  i n  p l a c e  r a t h e r  
t h a n  b o l t e d .  
S t a t i c  T e s t  
T h e  t e s t  a s s e m b l y  was p l a c e d  i n  a c o m p r e s s i o n  t e s t i n g  
m a c h i n e  w i t h  t h e  o u t s i d e  l o a d  p a d s  s u p p o r t e d  o n  r o l l e r s  a s  
s h o w n  i n  F i g u r e  8. D i a l  i n d i c a t o r s  were +.hen p l a c e d  t o  
m e a s u r e  d e f l e c t i o n  a t  t h e  c e n t e r  l o a d  p a d  d u r i n g  t h e  l o a d i n g  
p r o c e s s .  T h e  l o a d  was i n c r e a s e d  i n  500 p o u n d  i n c r e m e n t s  a n d  
l o a d  a n d  d e f l e c t i o n  m e a s u r e m e n t s  r e c o r d e d  u n t i l  the maximum 
test  l o a d  was a c h i e v e d .  T h e  r e s u l t i n g  Z o a d / d e f l e c t i o n  c u r v e  
may b e  s e e n  i n  F i g u r e  9 .  T h e  curve is a p p r o x i m a t e l y  l i n e a r  
f r o m  1 0 0 0  t o  7 0 2 3  p o u n d s  l o a d .  T h e  n o n l i n e a r i t y  b e t w e e n  0 
a n d  7000  p o u n d s  l o a d  i s  p r o b a b l y  a t t r i b u t a b l e  t o  i n i t i a l  
r e l a t i v e  motion b e t w e e n  t h e  b o l t e d  l o a d  p a d s  a n d  t h e  beam 
itself. A s s u m i n g  t h a t  t h e  t o t a l  d e f l e c t i o n  o f  , 0 4 1  i n .  
c o u l d  b e  r e d u c e d  b y  t h e  . 0 1 4  i n .  of  s l i p  a t  t h e  b o l t s ,  t h e  
r e m a i n i n g  .027" d e f l e c t i o n  is s t i l l  3 times t h e  a m o u n t  w h i c h  
c a n  b e  ~ r C ? d i c t i ? d  b y  t h e  s t a n d a r d  beam e q u a t i o n ,  Y = P L ~ / ~ ~ E I .  
E v e n  when  t h e  s h e a r  d e f l e c t i o n s  a r e  a d d e d ,  t h e  d e f l e c t i o n  of 
b o t h  t h e  r e i n f o r c e d  a n d  n o n - r e i n f o r c e d  b e a m s  is more t h a n  
c a n  r e a s o n a b l y  b e  a c c o u n t e d  f o r .  However, s i n c e  all 
m e a s u r e m e n t s  were t a k e n  u s i n g  t h e  b e d  o f  t h e  tes t  m a c h i n e  a s  
a r e f e r e n c e ,  i t  was i m p o s s i b l e  t o  d e t e r m i n e  t h e  a m o u n t  o f  
b o l t  s l i p p a g e  t h a t  m i g h t  h a v e  . o c c u r r e d .  S l i p p i n g  of  t h e  
PAGE 1 7  
r a i l s  o v e r  t h e  r e a c t i o n  l o a d  p a d s  o r  t h e  c e n t e r  l o a d  p a d  
w o u l d  c a u s e  a n  ~ r r o r  i n  t h e  m e a s u r e d  d e f l e c t i o n  e q u a l  t o  t h e  
a m o u n t  o f  s l i p p a g e .  It was b ~ l i e v e d  t h a t  t h e  m a i n  p r o b l e a  
was i n  t h e  ceriter l o a d  p a d  a n d  i n  a s u b s e q u e n t  t e s t  o f  t t L 2  
r e i n f o r c e d  beam,  a n  a t t e m p t  was m a d e  t o  correct  t h e  p r o b l e m .  
B e c a u s e  o f  t h e  l a r g e  d e f l e c t i o n s  o b t a i n 4  w i t h  t h e  
u n r e i n f o r c e d  b e a m ,  t h e  r e i n f o r c e d  beam u n i t  h a d  t h e  c e n t e r  
l o a d  p a d  w e l d e d  i n  p l a c s  (see F i g u r e  1 0 ) .  O t h e r w i s e  t h e  
same p r o c e d u r e  was f o l l o w e d  a n d  t h e  l o a d / d e f l e c t i o n  c u r v e  i s  
s h o w n  i n  F i g u r e  11 .  I n  t h i s  case, t h e  i n i t l a 1  n o n - l i n e a r  
d e f l e c t i c n  was r e d u c e d  b u t  t h e  t o t a l  d e f l e c t i o n  w a s  s t i l l  
h i g h e r  t h a n  t h e  c a l c u l a t e d  v a l u e ,  I t  i s  b e l i e v e d ,  b y  t h e  
a u t h o r ,  t h a t  t h e  e x c e s s  d e f l e c t i o n  was o n c e  a g a i n  c a u s e d  b y  
t h e  s l i p p a g e  o f  t h e  l o a d  p a d s .  ( O n l y  t h e  c e n t e r  l o a d  p a d  
h a d  b e e n  w e l d e d  w h i l e  t h e  r ~ a c t i o n  l o a d  p a d s  were s t i l l  
b o l t e d . )  C o n s e q u e n t l y ,  t h e  i n c r e a s ~ d  s t i f f n e s s  p r o v i d e d  b y  
t h e  c o m p o s i t ~  r c > i n f o r c e m e n t  c a n n o t  b e  q u a n t . i f  i e d .  T t  is,  
h o w ~ v ~ r ,  i n t c r e s t i n q  t o  n o t e  t h a t  t h e  s l o p e  of t h e  
l o a d / d e f l e c t i o n  c u r v e  i s  a p p r o x i m a t e l y  787 l e s s  f o r  t h ~  
r e i n f o r c e d  c h a n n e l s  t h a n  f o r  t h e  u n r e i n f o r c e d  c h a n n e l .  
F a t i q u e  T e s t  
T h e  same a s s e m b l y ,  t w o  r a i l s  b o l t e d  b a c k - t o - b a c k ,  u s e d  
f o r  t h e  s t - a t i c  d e f l e c t i o n  t e s t  ( w i t h  w e l d e d  c e n t e r  l o a d  p a d )  
was u s e 1  f o r  a c y c l i c  l o a d  t e s t  i n  a n  MTS h y d r a u l i c  c l o s e d  
l o o p  c o n t r o l l e d  t e s t i n g  m a c h i n e .  T h e  s p a n  o f  1 3  i n c h e s  a n d  
a maximum l o a d  o f  750C p o u n d s  p r o d u c e d  a n  o u t e r  m e t a l  f i b e r  
stress c a l c u l a t e d  t o  b e  3 4 0 0 0  p s i .  T h i s  r e p r e s e n t s  a s t ress  
l e v e l  e q u a l  t o  t h e  y i e l d  s t r e n g t h  of t h e  s teel .  T h e  h i g h  
s t r e s s  was s e l e c t e d  s o  t h a t  t h e  t e s t  r e s u l t s  w o u l d  b e  
c o n s e r v a t i v e  wit .h r e s p e c t  t o  t h e  stress l e v e l  i n  t h e  
c o m p o s i t e  a n d  t h e  s h e a r  s t ress  l e v e l  i n  t h e  b o n d  j o i n t .  T h e  
f a t i g u e  t e s t  was c o n d u c t e d  u s i n g  a n  R r a t i o  ( m i n i m u m  
s t r e s s / m a x i m u m  stress) o f  3 .066.  T h e  c y c l i c  r a t e  was 2 . 2  
Hz . 
A f t e r  250,000 c y c l e s ,  i t  was n o t e d  t h a t  a f a t i g u e  c r a c k  
was g r o w i n g  f r o m  a  b o l t  h o l e  f o r  t h e  c e n t e r  l o a d  p a d  ( t h i s  
was a n  o p e n  h o l e  s i n c e  t h e  c e n t e r  p a d  was w e l d e d )  i n  o n e  o f  
t h e  r a i l s .  T h e  c r a c k  was o n  t h e  t ~ n s i l e  s i d e  o f  t h e  r a i l  
a n d  e x t e n d e d  f r o m  t h e  h o l e  t o w a r d s  t h e  f l a n g e .  No c r a c k s  
were o b s e r v e d  i n  t h e  o t h e r  r a i l .  A t  3 3 0 , 0 0 0  c y c l e s ,  t h e  
c r a c k  h a d  g r o w n  f r o m  t h e  b o l t  h o l e  t h r o u g h  t h e  metal p a r t  
of the f l a n g e .  T h e  g r a p h i t e  c o m p o s i t e ,  w h i c h  w a s  now 
c a r r y i n g  a l l  of t h e  f l a n q e  l o a d ,  a p p e a r e d  t o  b e  u n a f f e c t e d  
b y  t h e  c r a c k .  
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A t  40Q,@00 c y c l e s ,  s e v e r a l  c r a c k s  were n o t e d  i n  the 
o t h e r  r a i l  s e c t i o n .  T h e s e  c r a c k s  had n o t  b e e n  n o t i c e d  
e a r l i e r  s i n c e  t h e y  were i n  t h e  c o m ~ r e s s i o n  s i d e  o f  t h e  web 
w h e r e  r i g o r o u s  i n s p e c t i o n  had  n o t  b e e n  made. T h e  
c o n f i g u r a t i o n  o f  t h e s e  c r a c k s  i s  shown i n  F i g u r e  12 .  
A t  450,gPG c y c l e s ,  t h e  c r a c k i n g  h a d  become s o  extensive 
t h a t  t h e  test was t e r m i n a t e d  t o  r e w e l d  t h e  c e n t e r  l o a d  pad .  
A t  t h i s  p o i n t ,  a l l  t h e  c r a c k s  were welded  i n c l u d i o 7  t h e  o n e  
i n  t h e  f l a c g e  u n d e r n e a t h  t h e  g r a p h i t e  c o m p o s i t e ,  W e l d i n g  o f  
t h e  c r a c k e d  f l a n g e  s e v e r e l y  o v e r h e a t e d  t h e  c o m p o s i t e ,  
c h a r r e d  t h e  r e s i n ,  a n d  d e s t r o y e d  the bond  b e t w e e n  t h e  
c o m p o s i t e  a n d  t h e  s t ee l  i n  t h e  immediate v i c i n i t y  of t h e  
weld. It w a s , b o w e v ~ r ,  d e c i d e d  t o  c o n t i n u e  t h e  test. An 
a d d i t i o n a l  80,00C c y c l e s  ( 5 3 0 , 0 0 0  t o t a l )  were c o n d u c t e d  a t  
which p c i n t  t h e  c r a c k i n g  o f  t h e  s teel  a r o u n d  t h e  c e n t e r  l o a d  
p a d  had  a g a i n  become v e r y  e x t e r s i v e .  No e v i d e n c e  o f  
c o m p o s i t e  d e t e r i o r a t i o n  c o u l d  be f o u n d  b u t  t h e  tes t  was 
terminated b e c a u s e  of inability t o  t r a n s f e r  l o a d  f r o m  t h e  
c e n t e r  l c a d  p a d  t o  t h e  r a i l .  T h e  p a r t  was r e m o v e d  from t h e  
t e s t  m a c h i n e  a n d  g i v e n  a c l o s e  v i s u a l  i n s p e c t i o n .  T h e  o n l y  
d e f e c t  i n  t h e  r e i n f o r c e m e n t  t h a t  c o u 1 d . b ~  f o u n d  was a n  area 
of d i s b o n d  o f  t h e  c o m p o s i t e  f r o m  t h e  metal i n  t h e  area w h e r e  
t h e  f l a n g e  crack h a d  b e e n  w e l d e d .  T h e  d i s b o n d  e x t e n d e d  f o r  
a b o u t  on e a c h  s i d e  o f  t h e  c r a c k .  There was n o  a d d i t i o n a l  
d e g r a d a t i o n  o f  t h e  c o m p o s i t e  i n  t h e  a r e a  t h a t  h a d  been 
o v e r h e a t e d  b y  the weld, I n  e v e r y  o t h e r  a r e a ,  t h e  c o m p o s i t e  
a n d  bond  a p p e a r e d  t o  be u n a f f e c t e d  by  the f a t i g u e  test .  
F a i l u r e  Load  T e s t  
A f t e r  r e m o v i n g  t h e  t e s t  a s s e m b l y  f r o m  the f a t i g u e  tes t  
m a c h i n e ,  t h e  c r a c k s  i n  t h e  webs a n d  c e n t e r  l o a d  p a d  w e l d s  
were a g a i n  we lded .  The  t e s t  a s s e m b l y  was t h e n  s u b j e c t e d  t o  
a 3 p o i n t  b e n d - t o - f a i l u r e  test ,  T h e  t es t  p r o c e d u r e  was 
s imilar  t o  t h a t  u s e d  f o r  t h e  l o a d  d e f l e c t i o n  t e s t ,  T h e  
u l t i m a t e  l o a d  c a r r i e d  b y  t h e  tes t  s p e c i m e n  was 12,70q 
p o u n d s .  F a i l u r e  i n i t i a t e d  d u e  t o  b u c k l i n g  o f  o n e  o f  t h e  
c o m p r e s s i o n  f l a n g e s  a n d  r e s u l t e d  i n  a l o a d  d r o p - o f f  t o  9003  
p o u n d s ,  Further a t t e m p t s  t o  l o a d  t h e  t e s t  a s s e r n b l y  r e s u l t e d  
i n  f a i l u r e  of t h e  t e n s i l e  f l a n g e  of t h e  o t h e r  s a i l  s e c t i o n .  
The t e n s i l e  f a i l u r e  was t h r o u g h  t h e  a r e a  where t h e  f l a n g e  
was c r a c k e d  a n d  t h e  c o m p o s i t e  h a d  b e e n  c h a r r e d  b y  t h e  weld 
r e p a i r  p r o c e d u r e .  T h i s  s e c o n d  f a i l u r e  r e s u l t e d  i n  a n o t h e r  
load  d r o p  w h i c h  s t a b i l i z e d  a t  7000 pounds .  The  tes t  was  
t e r m i n a t e d  a t  t h i s  p o i n t .  A p h o t o g r a p h  of t h e  b u c k l e d  
f l a n g e  f a i l u r e  may b e  s e e n  in F i g u r e  13. 
A l t h o v g h  t h e  f a i l u r e  l o a d  of 12,700 p o u n d s  was a b o u t  
1 5 %  lower t h a n  t h e  1 5 , 0 0 0  p o u n d s  w h i c h  is t h e  calculated 
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b u c k l i n g  l o a d  f o r  t h e  c o m p o s i t e  r e i n f o r c e d  beam o r  a c h a n n e l  
w i t h  c o n v e n t i o n a l  f 1.111 "CN r e i n f  o r c e n e n  t ,  t h e  test  s p e c i m e n  
s t i l l  w i t h s t o o d  a l o a d  s o m e  5 0 %  g r e a t e r  t h a n  w o u l d  b e  
e x p e c t e d  f o r  t h e  i d e a l  case of a n o n -  r e i n f o r c e d  beam.  Yhen  
r e l a t e d  t o  t h e  l o a d  h i s t o r y  t o  w h i c h  t h i s  s p e c i m e n  h a d  b e e n  
s u b j e c t e d ,  t h e  u l t i m a t e  l oad  c a r r y i n g  c a p a b i l i t y  was 
c o n s i d e r e d  t o  b e  a c c e p t a b l e .  
CONCLUSIONS 
w h i l e  t h i s  p r o g r a m  d i d  n o t  q u a n t i f y  t h e  i n c r e a s e  i n  
s t i f f n e s s  p r o v i d e d  b y  t h e  a d d i t i o n  o f  g r a p h i t e / e p o x y  c a p s  t o  
a r n o d ~ l  t r u c k  f r a m e  r d i l ,  t h e  o t h e r  o b j e c t i v e s  o f  
d e m c n s t r a t i n g  a low cost  f a b r i c a t i o n  t e c h n i q u e  a n d  a d e q u a t e  
f a t i g u e  r e s i s t a n c e  o f  t h e  c o m p o s i t e  were a c h i e v e d .  T h e  
f o l l o w i n g  a r e  t h e  s a l i e n t  s p e c i f i c  c o n c l u s i o n s :  
1. G r a p h i t e / r e s i n  c a p s  c a n  b e  a p p l i e d  t o  t h e  f l a n g e s  of a 
c h a n n e l  t o  i n c r e a s e  t h e  o v e r a l l  s t i f f n e s s  w i t h  a n  
a c c e p t a b l e  c c n t r o l  of w i d t h  a n d  t h i c k n e s s  a n d  w i t h o u t  
t h ~  n e e d  f o r  c o s t l y  t o o l i n g .  
2. 3 a c h i n i n g  o r  d r i l l i n g  o f  h o l e s  a n d  p e n e t r a t i o n s  i s  n o t  
n e c e s s a r y  s i n c e  they c a n  b e  m o l d e d  i n t o  t h e  c o r n p o s i t - e  
d u r i n g  c u r e .  
3.  F a t i g u e  f a i l u r e  of t h e  c o m p o s i t e  o r  b o n d  d o e s  n o t  o c c u r  
w i t h i n  0.5 X l a 6  c y c l e s  a t  a stress l e v e l  o f  3 4 , 0 0 0  
p s i .  
4. A p p l i c a t i o n  o f  g r a p h i t e  c o m p o s i t . e  c a p s  c a n  i n c r e a s e  t h ~  
i d e a l  b u c k l i n g  l o a d  c a p a b i l i t i  of a s t e e l  c h a n n e l  by  a t  
l e a s t  5C% e v e n  a f t e r  0.5 x 1 0  f a t i g u e  c y c l e s .  
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B h i l e  the c o m p o s i t e  s t i f f e n s  t h e  f l a n g e s ,  i t  a d d s  n o  
s t r e n g t h  t o  t h e  web a n d  t h u s  u s e  o f  t h e  c o m p o s i t e  r e i n f o r c e d  
c h a n n e l  a t  stress l e v e l s  c o m m e n s u r a  t e  w i t h  i ts  s t i f f n e s s  
c o u l d  s h i f t  t h e  f a i l u r e  z o n e  t o  t h e  web i n  a r e a s  w h e r e  h o l e s  
a n d  d i s c o r l t i n i l i t i e s  e x i s t .  T h e  c r a c k i n g  of the web w h i c h  
o c c u r r e d  d u r i n g  the f a t i g u e  t e s t  was e v i d e n c e  o f  t h i s  
p r o b l e m  e v e n  t h o u g h  t h e  stress l e v e l  i n  t h e  metal  ( f l a n g e  
s t r e ss  e q u a l  t o  t h e  y i e l d  s t r e n g t h )  was s i g n i f i c a n t l y  h i g h e r  
t h a n  w o u l d  b e  e x p e r i e n c e d  d u r i n g  n o r n 3 1  u s e  o f  a t r u c k  
frame. F u r t h e r  t e s t i n g  t o  e v a l u a t e  t h e  e f f e c t  of web  s tress 
l e v e l  o n  c r a c k i n g  is r e c o m m e n d e d ,  
R e s i s t a n c e  t o  s a l t  w a t e r ,  t e m p e r a t u r e  e x t r e m e s ,  a n d  
l o n g  term w e a t h e r i n g  with s a l t ,  d i r t ,  o i l ,  et-c,, h a s  n o t  y e t  
b e e n  d e m o n s t r a t e d  a n d ,  a l t h o u g i l  it i s  n o t  e x p e c t e d  t o  b e  a 
p r o b l s m ,  ~ n v i r o r i m e n t a l  d e g r a d a t i o n  s h o u l d  b e  e v a l u a t e d .  
C o m p a t i b i l i t y  w i t h  a l l  g r a d e s  o f  s t e e l  h a s  not b e e n  
d e m o n s t r a t e d .  However ,  e v e n  with a h i g h  strength s t ee l ,  t h e  
o p e r a t i n g  s t r e s s  of  t h e  c o m p o s i t e  i s  . n o t  e x p e c t e d  t o  b e  
g r e a t e r  t h a n  t h e  3 4 , 0 0 0  p s i .  w h i c h  was d e n o n s t r a t e d  d u r i n q  
t h e  f a t ~ g u e  t es t  a n d  w h i c h  i s  l e s s  t h a n  2T)% o f  t h e  u l t i m a t e  
c a p a b i l i t y  o f  t h e  f i ~ e r .  H o w e v e r ,  f o r  a c o m p o s i t e  
r e i n f o r c e d  r a i l  f a b r i c 2 t e d  f r o m  h i g h  y i e l d  s t r e n g t h  s tee ls ,  
t h e  i n c r e a s e  i n  u l t i m a t e  b u c k l i n g  l o a d  may n o t  b e  
p r o p o r t i c n a l  t o  t h e  s t i f f n e s s  i n c r e a s e  a t t r t b u t a b l e  t o  t h e  
c o m p o s i t e .  T e s t i n g  w i t h  h i g h  s t r e n a t h  steel r a i l s  is,  
t h e r e f o r e ,  s u g g e s t e d .  
O t h e r  d i s t o r t i o n s  t o  t h e  s t a t e  o f  stress i n  t h e  beam 
( s i m i l a r  t o  t h e  web c r a c k i n g )  may b e  a p r o b l e m  a n d  s b o u l d  b e  






Y = I A y l Z A  = -0.395 in. 
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Figure  3. - Moment of i n e r t i a  data. 
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0 .1 . 2  . 3  .4 
COMPOSITE THICKNESS, in. 
L, 3 7 
6; 
Y' 
ELEMENT ARY\ y 
NO. 
1 0.6875 -4.525 -3.111 14.077 -4.130 11.724 0.004 
2 0.6875 4.525 3.111 14.077 4.920 16.645 .004 
3 1.1625 2.325 2.703 6.284 2.720 8.603 2.095 
4 1.1625 -2.325 -2.703 6.284 -1.930 4.328 2.095 
5 0.8851 2.107 1.865 ----- 2.502 5.541 1.310 
6 1.0206 -2.430 -2.480 -2.035 4.227 2.009 
7 0.3675 -4.755 -1.747 
-  
-4.360 6.986 0.002 
1 = 5.9732 -2.632 40.722 58.054 
F igure  4. - Graphi te composite th ickness as a 
f u n c t i o n  of f iber  modulus. 




Figure 5. - Mold schematic. 
Figure 6. - Rai l  reinforcement manufactur ing concept. 
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Figure 7. - Back-to-to-back ra i l  test assembly. 
Figure 8. - Rail test assembly i n  testing machine. 
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Figure 9. - Load deflection curve fo r  nonreinforced beam 
assembly. 
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Figure 10. - Sketch of cutout for welding center load pad. 
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Figure 11. - Load deflection curve for reinforced beam 
assembly. 
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Figure 12. - Sketch of crack location and extent after 450,000 fatigue cycles. 
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Figure 13. - Buckled flange af ier  u l t imate load failure. 

